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L
ow operation temperature and effi-
cient heat dissipation are important
for device life and speed in current

electronic and photonic technologies. How-
ever, gaps between contact solid surfaces,
such as silicon dies, metallic heat spreaders,
and heat sinks, etc., cause high interfacial
thermal resistance, resulting in a major bot-
tleneck of heat dissipation in various
devices.1-4 Gap-filling thermal interfacial
materials (TIMs) based on carbon nanoma-
terials (e.g., carbon nanotubes and carbon
nanofibers) were substantially studied in
order to handle the bottleneck; however,
they are still limited by large contact ther-
mal resistance.3-7 Graphene, an ultrathin
flat membrane from sp2 carbon atoms, is a
novel promising candidate for TIMs in to-
day's electronic and photonic devices.7,8

Graphene has extraordinarily high in-
plane electrical mobility,9 thermal
conductivity,8 mechanical strength,10 and
ultralarge specific surface area.11 Due to
these unique properties, within several years
since its discovery, graphene has been
widely applied in microelectronic devices,12

chemical sensors,13 transparent electrically
conductive films,14 electrodes of energy sto-
rage devices,11 and fillers in conductive
polymeric composites,15 etc. It is noticed
that relative arrangements of graphene in
devices are crucial for their multiplex appli-
cations. For example, graphene recumbent
on solid substrates can be patterned and
interconnected for field-effect transistor
application.12,16-18 In contrast, graphene
must be stacked in a 3-D porous structure
in electrodes of electrical storage devices to

facilitate rapid ion dissipation and make full
use of its large specific surface area.11 There-
fore, particular arrangements of graphene in
various devices are necessary for their di-
verse functions. For TIM application, efficient
heat dissipation and reduced interfacial
thermal resistance in the normal direction
of contact solid surfaces are desired,3-6 so
that graphene is expected to be vertically
stacked between contact solid surfaces.
However, as an ultrathinmembrane-likema-
terial, graphene is susceptible to van der
Waals forces and usually tends to be recum-
bent on substrates. Thereby, direct growth
of vertically aligned free-standing graphene
on solid substrates in large-scale is difficult
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ABSTRACT Thermally conductive functionalized multilayer graphene sheets (fMGs) are effi-

ciently aligned in large-scale by a vacuum filtration method at room temperature, as evidenced by

SEM images and polarized Raman spectroscopy. A remarkably strong anisotropy in properties of

aligned fMGs is observed. High electrical (∼386 S cm-1) and thermal conductivity (∼112 W m-1

K-1 at 25 �C) and ultralow coefficient of thermal expansion (∼-0.71 ppm K-1) in the in-plane

direction of A-fMGs are obtained without any reduction process. Aligned fMGs are vertically

assembled between contacted silicon/silicon surfaces with pure indium as a metallic medium. Thus-

constructed three-dimensional vertically aligned fMG thermal interfacial material (VA-fMG TIM)

architecture has significantly higher equivalent thermal conductivity (75.5 W m-1 K-1) and lower

contact thermal resistance (5.1 mm2 K W-1), compared with their counterpart from A-fMGs that are

recumbent between silicon surfaces. This finding provides a throughout approach for a graphene-

based TIM assembly as well as knowledge of vertically aligned graphene architectures, which may

not only facilitate graphene's application in current demanding thermal management but also

promote its widespread applications in electrodes of energy storage devices, conductive polymeric

composites, etc.
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and rarely available in current studies, bringing sig-
nificant barriers in applying graphene as TIMs.
In this work, it is found that, if aligned and densely

packed in an array, multilayer graphene sheets can be
self-supported, conveniently rearranged, and vertically
assembled between solid surfaces thereafter, circum-
venting the significant difficulty in direct growth of
vertically aligned graphene arrays. In addition, large-
volume heat dissipation requires a joint contribution of
a large number of graphene sheets. Alignment is
crucial in bulk processing of graphene because it
orients graphene sheets and optimizes properties of
large-scale graphene arrays in their orientation direc-
tion. Although direct alignment of pristine graphene in
a large-scale array is still absent, previous studies on
graphene oxide (GO) and reduced GO indicate that
alignment can make best use of their extraordinary in-
plane properties. Stankovich et al. first prepared paper-
like aligned GO with notably high mechanical
strength.19 Chen et al. reported a high electrical con-
ductivity of thermally reduced GO paper.20 However,
in-plane thermal conductivity of both GO and reduced
GO (1.9 W m-1 K-1 and 0.14-2.87 W m-1 K-1,
respectively) is 3 to 4 orders of magnitude lower than
pristine graphene.21,22 Thereby, further efforts on pre-
paration of high thermally conductive graphene-based
nanomaterials in large-scale arrays must be addressed.
Here, thermally conductive functionalized multilayer

graphene sheets (fMGs) are prepared according to the
method reported by Veca et al.23 Thus-prepared fMGs
are aligned with a vacuum filtration method at room
temperature. An efficient alignment of fMGs is evi-
denced by SEM images and quantified by polarized
Raman spectroscopy according to a “depolarization
effect”.24 Strong anisotropies in properties of aligned
fMGs (A-fMG) are found. Remarkably high electrical and
thermal conductivities as well as ultralow coefficient of
thermal expansion (CTE) in the in-plane direction of
A-fMGs are obtained without aid of any reduction
process. Moreover, a three-dimensional vertically
aligned fMG TIM (VA-fMG TIM) architecture is con-
structed between contacted silicon/silicon surfaces with
pure indium as a metallic medium. Significantly higher
equivalent thermal conductivity and lower contact
thermal resistance of VA-fMG TIMs are obtained, com-
pared with their counterpart from recumbent A-fMGs.
This finding provides a throughout approach for a
graphene-based TIM assembly as well as knowledge
of vertically aligned graphene architectures, which may
not only facilitate current demanding thermal manage-
ment but also promote graphene's widespread applica-
tions such as electrodes for energy storage devices,
polymeric anisotropic conductive adhesives, etc.

RESULTS AND DISCUSSION

Alignment of fMGs. Preparation of paper-like aligned
GO by a water filtration method exists.19 Usually

prepared by extreme oxidation of graphite, GO is
highly functionalized and soluble in water, facilitating
its alignment in water. However, although GO can be
electrically conductive after reduction,20 structural de-
fect level of reduced GO is still high due to permanent
damages on the fine lattice structure of graphene,
which are introduced by extreme oxidation conditions
in GO preparation but cannot be fully recovered by
reduction, inevitably debating its thermal conductivity
by 3-4 orders ofmagnitude.22 In order to obtain a high
thermally conductive array, we align reduction-free
thermally conductive surface functionalized multilayer
graphene sheets (fMGs). According to a method re-
portedbyVeca et al.,23 fMGs areprepared in amoderate
oxidation environment (mixed sulfuric and nitric acid)
with aid of sonication, in contrast with the extreme
oxidation conditions in GO preparation.19-21,25 Thick-
ness of thus-prepared fMGs ismainly centeredbetween
2 and 10 nm with an average of 7.35 nm, as evidenced
by an AFM height image in Figure S1 of the Supporting
Information. Raman spectra of fMGs in Figure S2 show a
2D peak at ∼2701 ( 6 cm-1 with an intensity ranging
from 1/3 to half of the G band peak intensity. Moreover,
in contrast to an asymmetric 2D peak of graphite at
∼2723 cm-1, the 2D peak of fMGs is symmetric, which
can be seen in Supporting Information. As a Raman
fingerprint of graphene, 2D peaks are influenced by the
electrical structure of graphene.26 Thereby, oxygen-
containing functional groups and defects, which can
affect the electrical structure of graphene, have signifi-
cant impact on the intensity and shape of the 2D peaks,
as shown by a low-intensity broad 2D peak of graphene
oxide reported by Eda et al.27 Here, the 2D peak of fMGs
indicated that their electrical structure is significantly
different from that of graphite and graphene oxide. A
low defect level of fMGs is also shown by a low D band
peak in Figure S2. Nevertheless, as detailed in following
results in the study, fMGs are highly thermally conduc-
tive, for which no reduction is necessary. This suggests
that the fine lattice structure of fMGs iswell-maintained,
while functional groups are mainly localized within
surface domains.

X-ray photoelectron spectra (XPS, Figure S3) show
an O1s peak and an asymmetric C1s peak correspond-
ing to conjugated carbon-carbon bonds (284.3 eV),
carbon-hydroxyls (285.3 eV), and carboxyls (288.4 eV),
compared with the symmetric C1s peaks (284.4 eV) of
pristine graphite. FTIR spectrum in Figure S4 confirms
the surface functionalization of fMGs by giving peaks at
3448 (-OH), 1380, and 1727 cm-1 (CdO). Carboxyls
can be ionized by water molecules and generate
negative charges on the fMG surface to provide strong
electronic repulsion forces,28 significantly improving
dispersion of fMGs in water, as shown in Figure 1a. In a
following vacuum filtration process, as illustrated in
Figure 1d, a piece of anodic aluminum oxide filtration
paper (0.1 μm pore size) holds fMGs on its surface as
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water flows down, resulting in the fMGs' conformal
orientation along the filtration paper. A filtration cake
of aligned fMGs with a density of ∼1.6 g cm-3, a
diameter of ∼32 mm, and a thickness up to 1.05 mm
is obtained, as shown by Figure 1b,c.

Characterization of A-fMGs' Alignment. SEM images of
A-fMGs in Figure 2 evidence a well-laminated structure
of aligned fMGs (A-fMGs), indicating high alignment
efficiency. Moreover, polarized Raman spectroscopy is
applied to quantify alignment of A-fMGs by measuring
sensitivity of G band intensity on polarization geome-
tries according to a “depolarization effect”.24,29-32 As
detailed in Figure 3a andMethods, a polarized analyzer
is applied to detect backscattering light intensity and
set in directions parallel or perpendicular to polariza-
tion of the incident laser, which are usually named “VV”
(vertical/vertical) and “VH” (vertical/horizontal) config-
urations. Angle (θ) betweenpolarization of the incident
laser and orientation of A-fMGs is applied to describe
the polarization geometries. The sensitivity of mea-
sured G band intensity on angle θ is studied by an
analysis of polarized Raman spectra obtained with
different θ (every 10� from 0 to 360�) in both of the
configurations. In Figure 3b, measured Raman inten-
sities of the G band in VV configuration showperiodical
alternations between peaks and valleys every 90�,
which are not prominent in the VH configuration.
According to a depolarization effect reported by Ajiki
et al.,24 during an excitation process of Raman scatter-
ing, energy is absorbed by “interband optical transi-
tions” happening only along the vector component
parallel to the orientation of polarized phonon carriers.
This results in a proportional dependence of ab-
sorption intensity (IA) upon cos2 θ. Intensity of

backscattered laser (IS) can be considered as propor-
tional to IA to confirm conversion of energy in an
equilibrium state. Moreover, measured Raman inten-
sity scales proportionally to the squared projection of
the backscattering electric vector in the polarization
direction of the analyzer. Therefore, theoretically, Ra-
man intensities of G band in VV and VH configurations
“IVV(θ)” and “IVH(θ)” should obey the following equa-
tions.

IVV(θ) ¼ IVV(0�)cos4 θ (1)

IVV(θ)
IVH(θ)

¼ cos4 θ

cos2 θ sin2 θ
(2)

Thus, applying the G band intensity when θ is equal to
0� in the VVconfiguration, IVV(0�), as a reference, rela-
tive Raman intensities for VV and VH configurations at
G band, IR,VV(θ) and IR,VH(θ), are theoretically equal to
cos4 θ and cos2 θ sin2θ, respectively. The dependence
of IR,VV(θ) on cos

4 θ explains its significant reducing trend
as angle θ changes from 0 to 90� in Figure 3c. In contrast,
measured IR,VH(θ) showed a much smoother value chan-
ging from 0.276 to 0.313, with a broad peak at ∼50�
within a range from 0 to 90�, showing a much weaker
fluctuation corresponding to its theoretical valueof cos2θ
sin2 θ. Depolarization ratio (IVV(90�)/IVV(0�)) of G band
intensity in the VV configuration is 0.276( 0.06, compar-
able to 0.204 (calculated from IVV(0�)/IVV(90�) = 4.9) for a
fiber from aligned single-walled carbon nanotubes,29

suggesting an efficient alignment of fMGs.
Anisotropy of A-fMGs. A strong anisotropy of A-fMGs is

evidenced by a distinguished contrast between in-plane
(R ),∼-0.71ppmK-1) andcross-plane (R^, 70.4ppmK-1)
coefficient of thermal expansion (CTE) shown by Figure
4b. Although cross-plane CTE of A-fMGs is found to be

Figure 1. Alignment of fMGs. (a) Well-dispersed fMGs in water. (b) A-fMG sample with a diameter of ∼32 mm. (c) A-fMG
sample with a thickness of 1.05 mm. (d) Schematic illustration of alignment of fMGs.
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larger than that of the c axis in a fine graphite lattice at
room temperature (∼28 ppm K-1)33 due to a relatively
loose packing of A-fMGs, the result is compatible with

reported low in-plane CTE values (∼-2 ppm K-1) along
the a axis of graphite crystallite and axle direction of car-
bon nanotubes.33,34 Furthermore, by giving an in-plane

Figure 2. SEM images of A-fMGs. (a) SEM image of a cross-section surface. (b)Magnified SEM image of a cross-section surface.
(c) Top view of A-fMGs under SEM. (d) SEM image of a broken A-fMG surface with gradient.

Figure 3. Polarized Raman spectra of A-fMGs. (a) Schematic illustrations of VV and VH configurations. Orientation of
fMGs, polarization directions of incidental light, and analyzer are shown by the blue, red, and green double arrows,
respectively. Black arrows (x,y,z) denote the three axles in the absolute coordinate system, while the blue arrows show
two in-plane directions (X and Y) and cross-plane direction (Z) of A-fMGs, respectively; θ is the angle between
polarization of incident light and fMG orientation. (b) Three-dimensional illustration of measured Raman intensity for
VV and VH polarization configurations. (c) Relative G band (1581 cm-1) intensity as a function of angle θ of A-fMGs in VV
and VH configurations.
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electrical conductivity (σ )) of ∼386 S cm-1 and a cross-
plane electrical conductivity (σ^) of ∼6.1 S cm-1 in
Figure 4c, A-fMGs show an even stronger anisotropy
(σ )/σ^ = 63.3 at 25 �C) of electrical conductivity than that
of vertically aligned carbon nanotube arrays (F^/F ) is
smaller than 10 at room temperature).35 Moreover, a
distinct contrast between in-plane thermal conductivity
(k ), between 112 and 123 W m-1 K-1) and cross-plane
thermal conductivity (k^, from 1.62 to 1.81 W m-1 K-1)
suggests that an efficient alignment can optimize in-
plane thermal conductivity of aligned fMGs to a remark-
able degree (k )/k^ = 69.3 at 25 �C). In-plane sketching
phonon mode E2g, which usually corresponds to the G
band in Raman spectra, has a dominating function in
thermal transfer along graphene.8,29-32 A high sensitivity

of G band on angle θ in the VV configuration in polarized
Raman spectra indicates that orientation of fMGs is
statistically narrow-distributed, facilitating a ballistic pho-
non transport and a high thermal conductivity in the in-
plane direction of A-fMGs.

Assembly of A-fMG TIM Architectures. Three-dimensional
TIM architectures are constructed by assembling
A-fMGs between Si/Si joint surfaces with a thin layer
(∼10 μm) of pure indium as a metal medium. As
illustrated in Figure 5a, A-fMG samples are carefully
sliced, rearranged, and sandwiched between thus-
prepared Si wafers with the orientation of fMGs parallel
or perpendicular to Si surfaces, corresponding to RA-
fMG and VA-fMG TIM assemblies, respectively. RA-fMG
TIM assembly is found to be vulnerable to mechanical
shake and fails in a standard drop test of reliability,
while VA-fMG TIM assembly passes the tests without
detachment, indicating a significantly better interfacial
adhesion between VA-fMGs and Si substrates.

Equivalent thermal diffusivity (RTIM) of both TIM
assemblies is measured by a light flash apparatus
(LFA 447 NanoFlash, Netszch Thermal Analysis). A
sophisticated analysis software (Proteus LFA Analysis,
Netszch Thermal Analysis) with a mathematical model
designed for triple-layer sandwich samples is applied
in measuring equivalent thermal diffusivities of A-fMG
TIMs (RTIM) by experimentally collecting and mathe-
matically fitting the nonlinear regression of data signal
with consideration of heat loss. Equivalent thermal
conductivity (kTIM, estimated from kTIM = RTIMFTIMCp,
TIM) includes effects of interfacial thermal resistance
across the A-fMGs/In/Si multiple interface (RA-fMGs/In/
Si) and intrinsic thermal resistance of A-fMGs (T/k), as
shown in the following equation.

RTIM ¼ BLT
kTIM

¼ 2RA-fMGs=In=Si þ T

k

where RTIM, BLT, kTIM, RA-fMGs/In/Si, T, and k represent
total thermal resistance across TIMs, bond line thick-
ness of TIMs, equivalent thermal conductivity of TIMs,
thermal resistance across A-fMGs/In/Si multiple inter-
faces, thickness of A-fMGs in the TIM architecture, and
thermal conductivity of A-fMGs in the corresponding
direction, respectively.

As detailed in Methods and Supporting Information,
equivalent thermal conductivity of the described RA-
fMGTIMsandVA-fMGTIMs are 1.39 and75.5Wm-1 K-1,
respectively. In a comparison shown in Figure 5b, we
notice that equivalent thermal conductivity of VA-fMG
TIMs is almost 2 orders ofmagnitude higher than that of
RA-fMG TIMs. Moreover, thermal resistance values
(RAfMGs/In/Si) across A-fMGs/In/Si multiple interfaces in
RA-fMG and VA-fMG TIMs are 42.5 and 5.1 mm2 K W-1,
respectively. At least two reasons should be counted for
better adhesion and lower RAfMGs/In/Si of VA-fMG TIMs.

First, interfacial thermal conductance between
substrates and graphitic nanomaterials (e.g., car-
bon nanotubes) can be significantly improved by

Figure 4. Anisotropies of A-fMGs. (a) Schematic illustration
of in-plane and cross-plane CTE, electrical and thermal
conductivity of A-fMGs. (b) Thermal mechanical analysis of
A-fMGs. Slopes of the curves are in-plane and cross-plane
coefficients of thermal expansion (CTEs), respectively. (c) In-
plane and cross-plane electrical conductivity of A-fMGs at
room temperature. (d) In-plane and cross-plane thermal
conductivity of A-fMGs.
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molecular-level interfacial chemical bonding.36 Indium
is capable of forming relatively stable chemical bonds
with carboxyls, as demonstrated by an affinity between
indium and various carboxylic acids in indium
extraction.37,38 Both simulation studies and experimental
results indicate that carboxyls on graphene are concen-
trated on edge domains.39-41 Compatible with that
reported, a relatively higher concentration of carboxyls
on A-fMGs cross-section surface is evidenced. Here, Ra-
man spectra in Figure 5c indicatedahigherdefect level of
cross-section surface (surface B) of A-fMGs than that on a
side-wall surface (surface A), corresponding to concen-
tration of fMG edges. Low-resolution scanning XPS spec-
tra in Figure 5d show a significantly higher concentra-
tion (∼33.8%) of oxygen atoms on surface B than that

(∼17.7%) on surface A, as shown by a calculation in
Supporting Information according to the empirical atom-
ic sensitivity factors for O1s and C1s (0.66 and 0.25,
respectively) reported by Wagner et al.42 Moreover,
high-resolution XPS spectra in Figure 5e confirm a higher
concentration of carboxyl on surface B, by giving a
integrated area ratio (49:41:10) among conjugated car-
bon-carbon bonds (284.3 eV), carbon-hydroxyl bonds
(285.3 eV), and carbonyl bonds (∼288.4 eV) of surface B,
compared with that (71:27:2) of surface A. Arrangement
of VA-fMG TIMs can make a best use of carboxyls'
aggregation on the cross-section surface in the joint
between VA-fMGs and indium, as illustrated in Figure 6,
resulting in reduced RA-fMGs/In/Si and improved adhesion
to indium-coated Si substrates.

Figure 5. Assembly of A-fMG TIM architectures. (a) Schematic illustration of RA-fMG and VA-fMG TIM assemblies. (b) Contrast
of equivalent thermal conductivity (kTIM) and interfacial thermal resistance across A-fMGs/In/Si interface (RA-fMGs/In/Si)
between RA-fMG and VA-fMG TIM assemblies. (c) Comparison between Raman spectra of the side-wall (surface A) and cross-
section surface (surface B) of A-fMGs. (d) Comparison between low-resolution scanning XPS spectra of surface A and B. (e)
Comparison of high-resolution XPS spectra between surface A and B.
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Second, it is noticed that metal's filling can drama-
tically increase contact surface area between metal
and carbon nanomaterials and significantly contribute
to an enhanced adhesion. For example, filling open-
ended carbon nanotubes with metals (e.g., Pd) has
been substantially reported.43-45 Zhu et al.46 reported
that adhesion between metallic solder and carbon
nanotubes is significantly improved by opening the
ends of vertically aligned carbon nanotubes. Here,
compliant with a laminated structure shown in SEM
images in Figure 2, a unique anisotropic wetting
phenomenon of water indicates the existence of mi-
crochannels on a cross-section surface of A-fMGs. As
shown by Figure 6a and Methods, the contact angle of
deionized water on A-fMGs is measured in three
geometries. Compared to geometry A (contact angle
is equal to 85.7�), geometries B and C give significantly
different contact angle values of 104.1 and 67.5�,
respectively. In order to show the phenomena, water
droplets must be influenced by two physical effects
due to microchannels on the cross-section surface of
A-fMGs along fMGs' orientation (X and Y directions in
Figure 6a). On the one hand, the existence of micro-
channels increases surface roughness along the Z

direction, resulting in enlarged contact angle of water
in geometry B by a “lotus effect”, which has been
observed on a superhydrophobic surface from a pat-
terned vertically aligned CNT.47,48 On the other hand,
capillary forces along thin microchannels among
A-fMGs and hydrophilic functionalizations on fMGs
are responsible for a reduced contact angle in

geometry C.45 In VA-fMG TIMs, cross-section surfaces
of A-fMGs with microchannels are right faced to in-
dium-coated silicon substrates, facilitating filling of
melted indium, as shown schematically in Figure 6b.
This can efficiently increase contact surface area be-
tween indium and A-fMGs, resulting in an improved
adhesion and reduced contact thermal resistance in
VA-fMG TIM assembly.
Comparison with Reported Results. Graphene is a promis-

ing candidate in TIM application due to its extraordi-
narily high thermal conductivity (∼5300Wm-1 K-1 for
suspendedmonolayer graphene and∼600Wm-1 K-1

for supported monolayer graphene).8,49 However,
large-volume heat dissipation requires a joint contri-
bution of a large number of graphene sheets. Gra-
phene sheets must be aligned in a large-scale array in
order to meet the requirements for TIM applications.
Valuable efforts have been paid on preparation of
aligned graphene oxide (GO) by thermally reduced
GO paper.19,20 However, in-plane thermal conductivity
of GO and reduced GO (1.9 and 0.14-2.87 W m-1 K-1,
respectively) is relatively low and unlikely able to meet
demanding requirements in the thermal management
of current photonic and electronic devices.21,22 More-
over, toxic reduction agents (e.g., hydrazine) and high
temperatures (400-1100 �C) applied in chemical or
thermal reduction of graphene oxide11,14,20 are not
preferred in real industrial applications. This work is an
approach for the alignment of reduction-free thermally
conductive functionalized multilayer graphene in
large-scale. High electrical (σ ), ∼386 S cm-1) and
thermal conductivities (k ), between 112 and 123 W
m-1 K-1) as well as ultralow CTE (R ),∼-0.71 ppm K-1)
in the in-plane direction of A-fMGs are obtained with-
out the aid of a reduction process.

Moreover, graphene is usually recumbent on solid
substrates, while vertically aligned graphene architec-
ture on a solid substrate is rarely available and less
studied. However, for TIMs, electrodes of ultracapaci-
tors, etc., efficient heat dissipation, and electrical con-
ductance in the normal direction of solid surfaces are
strongly desired.3-7,50 Significant advantages of a 3D
vertically aligned fMG architecture in TIM application
are demonstrated here. Equivalent thermal conductiv-
ity of VA-fMG TIMs can be almost 2 orders of magni-
tude higher than that of RA-fMG TIMs. Contact thermal
resistance (RAfMGs/In/Si) across the A-fMGs/In/Si multiple
interface in VA-fMG TIMs (5.1 mm2 K W-1) is signifi-
cantly lower than that of RA-fMG TIMs (42.5 mm2

K W-1).
Nevertheless, it is noticed that equivalent thermal

conductivity of TIMs based on vertically aligned car-
bon nanotubes (CNTs) and carbon nanofibers (CNFs)
is relatively low due to a high contact thermal resis-
tance between CNTs/CNFs and substrates.6,7 Ngo
et al.5 applied contact measurement techniques
and obtained an interfacial thermal resistance of

Figure 6. VA-fMG TIM architecture facilitates a significant
reduction of RA-fMGs/In/Si. (a) Contact angle measurements in
three different three-dimensional geometries, as detailed in
Methods. (b) Schematic illustration of a VA-fMGs/In/Si
multiple interface junction.
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∼25 mm2 K W-1 between a vertically aligned carbon
nanofiber array and a copper substrate at an assem-
bling pressure of 60 psi. Wang et al.51 used a photo-
thermal method and obtained absolute and effec-
tive thermal conductivity of a vertically aligned CNT
(VACNT) array grown on Si substrate as ∼27.3 and
∼0.145 W m-1 K-1, respectively, as well as a thermal
interfacial resistance of ∼16.4 mm2 K W-1 across a
CNT/Cr/Si multiple interface. Hu et al.52 applied
3-omega measurements on an as-grown VACNT
structure at 100 kPa pressure and reported an effec-
tive thermal conductivity of the CNT arrays and con-
tact thermal resistance between CNTs and Si as∼74W
m-1 K-1 and ∼15 mm2 K W-1, respectively. Cola
et al.53 reported that a contact thermal resistance
between VACNTs and Si scales ∼15.8 mm2 K W-1 by
photoacoustic characterization. Lin et al.36 applied
molecular phonon couplers between VACNTs and Si
and reported that an equivalent thermal conductivity
of thus-prepared VACNT TIM structure measured by
laser flash method is∼1.6 Wm-1 K-1. As illustrated in
Figure 7, VA-fMG TIMs have high thermal conductivity

and low contact thermal resistance, suggesting
their promising potentials in current demanding
thermal management for electronic and photonic
devices.

CONCLUSIONS

Here, we summarize the efforts to prepare a 3D
vertically aligned functionalized multilayer graphene
architecture between silicon surfaces and an exploration
of their applicationas TIMs. Ahigh alignment efficiencyof
“reduction-free” conductive fMGs is evidenced by SEM
and polarized Raman spectroscopy. Strongly anisotropic
CTE and electrical and thermal conductivity of A-fMGs are
observed. Remarkably high electrical and thermal con-
ductivities as well as ultralow coefficient of thermal
expansion (CTE) in the orientation direction of aligned
fMGs (A-fMGs) are obtained, without any reduction
process. VA-fMG TIMs showed a high equivalent thermal
conductivity up to 75.5 W m-1 K-1 and low thermal
resistance cross VA-fMGs/In/Si interface (5.1mm2 KW-1),
suggesting their promising potentials in thermal man-
agement of electronic and photonic applications.

METHODS
Alignment. The fMGs are synthesized according to a method

reported by Veca et al.23 Thus-prepared fMGs (0.8 g) are
dispersed in 1 L of deionized water and vacuum-filtrated with
a 47 mm vacuum filtration system equipped with an anodic
aluminum oxide (AAO) filtration paper (0.1 μm pore size,
Anodisc 47, Whatman International Ltd.). The obtained filtration

cake is carefully washed by DI water, removed from filtration
paper, and dried at 105 �C for 3 h.

Polarized Raman Spectroscopy. A HoloLab series 5000 modular
Raman spectroscope (Kaiser Optical Systems Inc.) equippedwith
a 785 nm laser is applied. Polarization of incident light is fixed. As
illustrated by Figure 3a, a rotatable stage is set perpendicular to
incidental light. An A-fMG sample is vertically stood on the

Figure 7. Comparison of thermal conductivity of carbon nanomaterials, effective (equivalent) thermal conductivity of their
TIMs, and contact (interfacial) thermal resistance between carbon nanomaterials and substrates in reported structures (refs 5,
21, 22, 36, 51, 52, and 53 ) with results in this work.
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rotatable stage in a way that incidental light is parallel to the
orientation of A-fMGs. In order to detect the backscattering light
intensity, a polarized analyzer is set in directions parallel or
perpendicular to the polarization of the incident light, which
are named VV and VH configurations, respectively.

Property Measurements. In-plane (R )) and cross-plane (R^)
coefficients of thermal expansion (CTE) of A-fMGs are tested
by a thermo-mechanical analyzer (TA Instruments, 2940) with a
temperature increase rate of 5 �Cmin-1 from room temperature
to 250 �C and a force of 0.1 Newton. TA Instruments Advantage
2004 software is applied to estimate CTEs of A-fMGs with an
equation of R = (∂L/∂T)/L, where L and T represent dimension
and temperature. In the test, A-fMG samples are set vertically or
recumbently on a quartz stage, corresponding to their in-plane
(R )) and cross-plane (R^) coefficient of thermal expansion (CTE),
respectively. Current-voltage response of an A-fMG sample
was measured on a Keithley 2000 multimeter equipped with a
two-point probe testing stage. Electrical conductivity is calcu-
lated from obtained current-voltage data and sample dimen-
sions. Values of thermal conductivity are calculated from the
equation k = RFCp, where k, R, F, and Cp reprensent thermal
conductivity, thermal diffusivity, material density, and heat
capacity, respectively. Thermal diffusivities of A-fMGs are mea-
sured by a light flash apparatus (LFA 447 NanoFlash, Netszch
Thermal Analysis). Density is calculated from sampleweight and
dimensions. Heat capacity is tested by a differential scanning
calorimeter (TA Instruments, 2920) with a temperature increase
rate of 5 �C min-1 from room temperature to 100 �C.

TIM Assembly. Si wafers (1 mm � 1 mm) are coated with
melted pure indiumat 180 �C. Thickness of the indium coating is
∼10 μm after careful polishing at room temperature. A-fMG
samples are sliced and sandwiched between thus-prepared Si
wafers with an orientation of fMGs parallel or perpendicular to
the contacted Si surfaces, corresponding to RA-fMG andVA-fMG
TIM assemblies, respectively. The sandwiched samples are
clamped with small pressure (∼0.02 MPa) and placed in a
convection oven at 200 �C for 20 min and cooled to room
temperature. No pressure is applied in equivalent thermal
conductivity measurements of thus-prepared TIMs.

Contact Angle Tests. As shownby Figure 6a, contact angle tests
are conducted on A-fMGs in three geometries. (A) A water droplet
(1 μL) is dropped on a sample surface which is parallel to both X
and Y axles but perpendicular to the Z axle; then contact angle
is measured from a view angle parallel to X axle (or Y, which is
identical with X axle in this case). (B) A water droplet (1 μL) is
droppedona cross-section surfaceofA-fMGs. Then contact angle is
measured fromaviewangle parallel toX axle. (C) Awater droplet (1
μL) is dropped on a same surface as geometry B, but contact angle
is measured from a view angle parallel to Z axle.
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